I.. Motivation {#sec1}
==============

Patients are often admitted into the Intensive Care Unit (ICU) due to the need for mechanical ventilatory support using a ventilator [@ref1]. Cardiopulmonary tests could benefit ICU patients significantly, because they could help to determine the most suitable ventilator settings, and help to avoid the common problem of Ventilator Induced Lung Injury (VILI). We aim to measure the following three cardiopulmonary variables: 1)$\documentclass[12pt]{minimal}
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}{}$V_{D}$\end{document}$, airway dead space volume; i.e., the volume of the conducting airways. The airway is the path that the air follows to enter and exit the lung.2)$\documentclass[12pt]{minimal}
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}{}${\mathdot{Q}}_{P}$\end{document}$, pulmonary blood flow.

Measurement of cardiopulmonary variables typically requires the active co-operation of the patient. However, ICU patients depend on complex life support and monitoring equipment, and so are unable to co-operate with clinicians. Hence, ICU patients are the most difficult to assess using conventional cardiopulmonary tests, but their critical condition makes them the most important patients to monitor.

Zwart et al. [@ref2], [@ref3] first introduced the non-invasive oscillating inspired gas-forcing technique to measure the average ventilation-perfusion relationship $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$({\mathdot{V}}/{\mathdot{Q}})$\end{document}$ in the lung, in which a sinusoidally oscillating tracer gas is added to the patient\'s inspired gas. They used halothane as the tracer gas, at very low concentrations $\documentclass[12pt]{minimal}
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}{}$(0.02 v/v)$\end{document}$. Hahn et al. further developed this method by using biologically non-toxic gases such as nitrous oxide $\documentclass[12pt]{minimal}
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}{}$({\rm N}_{2}{\rm O})$\end{document}$ and argon, instead of halothane, to measure $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
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}{}${\mathdot{Q}}_{P}$\end{document}$ non-invasively [@ref4]. However, their technique required a respiratory mass spectrometer that was difficult to use in the ICU due to its size, noise, complexity, high maintenance requirements, and lack of portability [@ref5]. Moreover, their prototype gas mixer, which was used to supply the appropriate gases, is not compatible with modern ICU ventilators. A new method needs to be designed to deliver tracer gases according to the patient\'s breathing flow rates in real time.

In this paper, we propose an on-line non-invasive gas-forcing technique that estimates the above three parameters, $\documentclass[12pt]{minimal}
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}{}${\mathdot{Q}}_{P}$\end{document}$. The apparatus is compact in size and is portable, consisting of a flow sensor, a gas concentration sensor, and a mass flow controller (MFC). Two types of tracer gases, $\documentclass[12pt]{minimal}
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}{}${\rm N}_{2}{\rm O}$\end{document}$ and $\documentclass[12pt]{minimal}
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}{}${\rm O}_{2}$\end{document}$, are injected into the patient\'s airflow during inspiration. The on-line delivery of tracer gases is explained in [Section II](#sec2){ref-type="sec"}, and then a novel breath-by-breath tidal ventilation model is proposed in [Section III](#sec3){ref-type="sec"}. Conversion of tidal volume and response time enhancement are addressed in [Section IV](#sec4){ref-type="sec"}. An introduction to the datasets and other methodology is given in [Section V](#sec5){ref-type="sec"}. Experimental results are shown in [Section VI](#sec6){ref-type="sec"} for both an artificial lung and a cohort of healthy volunteers, acquired at the Oxford University Hospitals NHS Trust; finally, conclusions are discussed in [Section VII](#sec7){ref-type="sec"}.

II.. On-Line Tracer Gas Delivery {#sec2}
================================

Modern ICU ventilators deliver inspired air at variable and unpredictable flow rates. In order to deliver a pre-determined concentration of the tracer gas throughout a single inspiratory breath, the tracer gas must be injected in real time according to the inspired flow. In our previous study [@ref5], only one type of tracer gas $\documentclass[12pt]{minimal}
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}{}$({\rm N}_{2}{\rm O})$\end{document}$ was injected into the patient\'s inspiratory breathing flow and mixed immediately prior to entering the mouth. Here we improve the method by simultaneously injecting two types of tracer gases, $\documentclass[12pt]{minimal}
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}{}${\rm N}_{2}{\rm O}$\end{document}$, into the patient\'s airway during inspiration. The purpose of introducing $\documentclass[12pt]{minimal}
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}{}${\rm O}_{2}$\end{document}$ as a second tracer gas is to achieve a more robust estimation of cardiopulmonary variables.

Two MFCs are used to deliver the two tracer gases at injection flow rates $\documentclass[12pt]{minimal}
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}{}${\mathdot{V}}_{O_{2}}(t)$\end{document}$, in L/min, respectively. This section will show how to determine the values of $\documentclass[12pt]{minimal}
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}{}${\mathdot{V}}_{O_{2}}(t)$\end{document}$, such that the resulting inspired concentration of each tracer gas is sinusoidal. We define $$\documentclass[12pt]{minimal}
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}{}$$\eqalignno{F_{N_{2}O}(t)=&\, M_{N_{2}O}+A_{N_{2}O}\sin (\omega t) &{\hbox{(1)}}\cr F_{O_{2}}(t)=&\, M_{O_{2}}+A_{O_{2}}\sin (\omega t), &{\hbox{(2)}}}$$\end{document}$$ where $\documentclass[12pt]{minimal}
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}{}$F_{N_{2}O}(t)$\end{document}$ is the concentration of the injected $\documentclass[12pt]{minimal}
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}{}${\rm N}_{2}{\rm O}$\end{document}$ sinusoid, respectively; $\documentclass[12pt]{minimal}
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\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
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}{}$\omega$\end{document}$ is the frequency of the forcing sinusoid in radians/sec ($\documentclass[12pt]{minimal}
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}{}$T$\end{document}$ is the forcing sinusoidal period). The sinusoidal concentration of the tracer gas is shown in [Fig. 1](#fig1){ref-type="fig"}. Fig. 1.Concentration of tracer gas $\documentclass[12pt]{minimal}
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}{}${\rm N}_{2}{\rm O}$\end{document}$ in the airway flow of a healthy female volunteer. The forcing sinusoidal period $\documentclass[12pt]{minimal}
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}{}$T=3 {\rm mins}$\end{document}$ for both $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$F_{N_{2}O}(t)$\end{document}$ and $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$F_{O_{2}}(t)$\end{document}$. The green and red circles are placed at the turning points of the patient respiratory flow rate $\documentclass[12pt]{minimal}
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}{}${\mathdot{V}}(t)$\end{document}$, indicating the end of inspiration and expiration, respectively. The green and red sinusoids are fitted to the green and red circles, respectively. The sinusoids show that the concentration of the tracer gas varies sinusoidally, with the chosen value of $\documentclass[12pt]{minimal}
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We assume that the patient\'s respiratory flow contains no $\documentclass[12pt]{minimal}
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Equations [(4)](#deqn4){ref-type="disp-formula"}--[](#deqn5){ref-type="disp-formula"}[(6)](#deqn6){ref-type="disp-formula"} may then be used to solve for $\documentclass[12pt]{minimal}
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In [(7)](#deqn7-8){ref-type="disp-formula"} and [(8)](#deqn7-8){ref-type="disp-formula"}, the chosen parameters must satisfy the constraints $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}${\mathdot{V}}_{N_{2}O}(t)>0$\end{document}$ and $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}${\mathdot{V}}_{O_{2}}(t)>0$\end{document}$. This gives $$\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$$\eqalignno{F_{N_{2}O}(t)>&\, 0 &{\hbox{(9)}}\cr 1-F_{N_{2}O}(t)-F_{O_{2}}(t)>&\, 0 &{\hbox{(10)}}\cr F_{N_{2}O}(t)-\big (1-F_{N_{2}O}(t)\big)F_{eO_{2}}>&\, 0.&{\hbox{(11)}}}$$\end{document}$$

The above analysis shows how to set the values of $\documentclass[12pt]{minimal}
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}{}${\mathdot{V}}_{O_{2}}(t)$\end{document}$, delivered by the MFCs. In our experimental apparatus, a gas flow sensor was used to measure the inspired and expired gas flow rates. The tracer gas concentrations were measured by a concentration sensor. Data for sensor calibration can be found in [@ref6]. Both the flow sensor and the concentration sensor are mounted in the breathing tube connected to the patient. Compared with the apparatus for previous models [@ref4], the proposed setup is portable, simple to use, and is suitable for the ICU due to its non-invasive approach.

III.. A Breath-by-Breath Ventilation Model {#sec3}
==========================================

In a traditional continuous ventilation lung model [@ref2], [@ref4], [@ref7], the lung is treated as a rigid volume with a constant and continuous flow passing through it, shown in [Fig. 2(a)](#fig2){ref-type="fig"}. A tidal ventilation model for the forced inspired oscillation technique was introduced by Gavaghan and Hahn [@ref8], and later modified by Whiteley et al. [@ref9]. Compared with the rigid volume of the continuous ventilation model, a tidal ventilation model reflects the reality of breathing, where the lung expands during inspiration, and contracts during expiration. The proposed breath-by-breath tidal ventilation model employs a so-called "balloon-on-a-straw" model [@ref10], shown in [Fig. 2(b)](#fig2){ref-type="fig"}. In the "balloon-on-a-straw" model, the inspired gas first enters the patient\'s airway through the dead space which has volume $\documentclass[12pt]{minimal}
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The concentration sensor measures concentration before the tracer gas enters the mouth during inspiration, and after the tracer gas leaves the mouth during expiration. Let $\documentclass[12pt]{minimal}
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The tracer gas is inhaled into the lung, where some is absorbed by the pulmonary capillary blood in the lung. It eventually returns to the lung via the venous blood. This process is known as "venous recirculation." It has been previously shown that there exists a forcing sinusoidal frequency range of the tracer gas where venous recirculation effects are negligible [@ref4], [@ref11]. At a carefully chosen forcing frequency at which the recirculation effects can be ignored, the oscillatory component of $\documentclass[12pt]{minimal}
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This is the mass balance equation for the cardiopulmonary variables that we aim to estimate, expressed in terms of breath-by-breath changes in gas volumes. Our goal is to determine the values of $\documentclass[12pt]{minimal}
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IV.. Considerations {#sec4}
===================

A.. Conversion of Tidal Volume for Temperature and Humidity {#sec4a}
-----------------------------------------------------------

The measurement of gas volumes is affected by various parameters, such as ambient or environmental temperature and pressure, and whether gases are either "dry," or "saturated" with water vapor. Gas volumes measured at different conditions need to be converted to a single standard condition. Two typical conditions are ambient temperature and pressure, saturated with water vapor (ATPS), and body temperature and pressure, saturated with water vapor (BTPS). Based on Charles\' and Boyle\'s Laws, conversion from ATPS to BTPS is given by [@ref12] $$\documentclass[12pt]{minimal}
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In our proposed method, the inspiratory tidal volume is obtained at the ambient temperature and pressure, using dry gases (ATPD), while the expiratory tidal volume is obtained at a certain measured temperature and pressure, using saturated gases (MTPS). Let $\documentclass[12pt]{minimal}
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Here we must convert inspiratory tidal volume in ATPD to expiratory tidal volume in MTPS $$\documentclass[12pt]{minimal}
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The advantage of using [(26)](#deqn26){ref-type="disp-formula"} is that we only need to determine the constant of proportionality, $\documentclass[12pt]{minimal}
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B.. Response Time Enhancement {#sec4b}
-----------------------------

"Response time" is typically defined to be the time required for a sensor output to rise from 10% to 90% of its maximum [@ref5]. We have described how two types of signals, flow rates and gas concentrations, are measured by the flow sensor and concentration sensor, respectively.

At the beginning of normal inspiration, flow rates rise very quickly and may exceed 30 L/min within a few milliseconds. Unfortunately, this period coincides with a rapid change in the concentration signals, which causes the concentration signals to experience its response time before reaching the correct measurement. Consequentially, the error in the integration of the flow and concentration signals is exaggerated during the beginning of inspiration. It is therefore essential to enhance the response time of the concentration signals in the breath-by-breath tidal ventilation mode. Various methods for the enhancement of response time have been discussed. Here we applied the first-order exponential model [@ref13]. Letting $\documentclass[12pt]{minimal}
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We note that prior to response time enhancement, the correct time alignment of flow and concentration signals is required for their integration in our breath-by-breath tidal ventilation model [@ref5]. The response of the concentration sensor typically lags behind the measured flow signal by approximately 60 ms; these two signals are aligned accordingly.

C.. Choosing Appropriate Sinusoidal Periods {#sec4c}
-------------------------------------------

The proposed breath-by-breath model assumes that venous recirculation of the oscillatory component in the concentration signal is negligible; therefore care has to be taken when choosing the forcing sinusoidal periods $\documentclass[12pt]{minimal}
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V.. Methodology {#sec5}
===============

A.. Validation Using an Artificial Lung {#sec5a}
---------------------------------------

The benefit of using an artificial lung is that the values of $\documentclass[12pt]{minimal}
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The apparatus of the artificial lung in our experiments and its detailed description can be found in [@ref14]. Data from the artificial lung were partitioned into twenty consecutive windows, each of 30 s duration.

The results of application of the method to this initial validation task are described in [Section VI](#sec6){ref-type="sec"}, where we can report the mean absolute error from this "gold standard" comparator.

B.. Parameter Estimation in Human Subjects {#sec5b}
------------------------------------------

Compared with the artificial lung, there is no comparable "gold standard" for the estimation of cardiopulmonary variables in humans. A cohort of 20 healthy human volunteers was studied, comprising 13 males and 7 females, in the age-ranges 20--60 and 20--40 years, respectively. Body mass indices for all patients were in the "normal" range. The current stage of the project has ethical approval for acquisition of data from healthy volunteers. A follow-up study, in which data from unhealthy patients is acquired for comparison, is planned.

We note that results presented in [Section VI](#sec6){ref-type="sec"} are not derived from partitioning the data into "training" and "test" sets, because there are no free parameters of the proposed model that need to be estimated from "training data." Rather, the physiological model is directly applicable to patient respiratory waveforms, and therefore essentially treats all data as "test data."

C.. Model Application {#sec5c}
---------------------

While previous work has demonstrated that (non-breath-by-breath) models of tidal ventilation can estimate cardiopulminary variables using single tracer gases, we here demonstrate the use of our novel breath-by-breath model, using a combination of $\documentclass[12pt]{minimal}
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VI.. Results {#sec6}
============

A.. Results Using Artificial Lung {#sec6a}
---------------------------------

All tidal volumes reported hereafter have been converted to MTPD using [(26)](#deqn26){ref-type="disp-formula"} and [(27)](#deqn27){ref-type="disp-formula"} in [Section IV-A](#sec4a){ref-type="sec"}.

[Fig. 3](#fig3){ref-type="fig"} shows the results obtained using the proposed breath-by-breath method using data acquired from the artificial lung. For comparison, equivalent plots of results obtained for an exemplar healthy volunteer are also shown. The parameters of the artificial lung were set to be $\documentclass[12pt]{minimal}
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B.. Results Using Healthy Volunteers {#sec6b}
------------------------------------

For the human volunteers, standard population-based formulae exist for estimating the values of the cardiopulminary variables described in this paper, based on factors such as age, sex, and body mass index. We have used these standard methods to determine the "physiologically plausible" ranges of values that our proposed breath-by-breath tidal method should output.

We firstly note that, for the exemplar patient shown in [Fig. 3](#fig3){ref-type="fig"}, the estimated values of $\documentclass[12pt]{minimal}
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A similar trend for the estimated $\documentclass[12pt]{minimal}
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However, it should be noted that the estimated values of $\documentclass[12pt]{minimal}
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}{}${\mathdot{Q}}_{P}$\end{document}$ in the exemplar human volunteer are somewhat smaller than the expected value of 4 L/min for this volunteer. A possible explanation for this potential discrepancy is that the sinusoidal signal is "recirculating" via the venous blood returning to the heart and lungs, whereas the model assumes no venous recirculation, as described in [Section IV-C](#sec4c){ref-type="sec"}. However, previous experimental and theoretical work [@ref4], [@ref11], has suggested that this is unlikely to be a problem at periods of 2 minutes or less. Another possibility is that in the human volunteer study, an equilibrium between the arterial and venous blood had not been fully established. Although nitrous oxide has low blood and tissue solubility and therefore equilibrates quickly, further work is needed to establish what would be an adequate wash-in period before data collection is begun.

[Tables I](#table1){ref-type="table"} and [II](#table2){ref-type="table"} compare results across all 20 patients, partitioned according to sex, for the use of $\documentclass[12pt]{minimal}
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The purpose of this study was to establish whether the gas delivery device and the algorithms used for data analysis were capable of recovering stable data. In the artificial lung, the alveolar volume $\documentclass[12pt]{minimal}
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}{}${\mathdot{Q}}_{P}$\end{document}$ is recovered. We did not use an alternative comparator for this variable in this early stage pilot study; however, it seems that the recovered value probably under-represents the true value. Future studies should be undertaken against a known comparator for cardiac output/pulmonary blood flow, and complete equilibration of nitrous oxide should be ensured so that the analysis algorithms can be refined and appropriately calibrated. Later stages of validation will seek ethical approval to acquire data from unhealthy patients.

The proposed model is able to estimate cardiopulmonary variables using a small number of successive breaths. In practice, it is desirable to use five to ten breaths for robust estimation. This is much faster than using the traditional continuous model, which requires a relatively long time for collection of patient data.

We have shown that a potentially suitable range of the forcing sinusoidal periods is $\documentclass[12pt]{minimal}
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}{}${\mathdot{Q}}_{P}$\end{document}$ obtained from using the proposed method are consistent and stable, using both the artificial lung and the human lung. The next stage of this research will include the validation of the model using data from patients in ICUs and operating theaters, acquired in collaboration with the Oxford University Hospitals NHS Trust.

Thanks to Roger Belcher and Lionel Gale for their technical assistance.

![](6562918-photo-1-source.gif)

[Lei Clifton](#contrib1){ref-type="contrib"} is a Post-Doctoral Research Assistant with the Institute of Biomedical Engineering, Department of Engineering Science, University of Oxford, Oxford, U.K. She received the B.Sc. and M.Sc. degrees in electrical engineering from the Beijing Institute of Technology, Beijing, China, and the Ph.D. degree in information engineering from the University of Manchester Institute of Science and Technology, Manchester, U.K. Her current research interests include the use of statistical machine learning for health informatics and physiological monitoring.

![](6562918-photo-2-source.gif)

[David A. Clifton](#contrib2){ref-type="contrib"} is a Research Fellow with Mansfield College, Oxford, U.K., and a College Lecturer with Balliol College, Oxford. He received the M.Eng. degree in engineering mathematics from the University of Bristol, Bristol, U.K., and the D.Phil. degree in information engineering from the University of Oxford, Oxford. His current research interests include statistical signal processing, particularly in biomedical informatics, and other biomedical applications.

![](6562918-photo-3-source.gif)

[Clive E. W. Hahn](#contrib3){ref-type="contrib"} is an Emeritus Professor of anaesthetic science with the Nuffield Department of Anaesthetics, University of Oxford, Oxford, U.K., and was a Consultant in clinical measurement with Oxford University Hospitals NHS Trust, Oxford. He trained in Manchester, Sheffield, and Oxford, and originally took up NHS posts in the Oxford United Hospitals before becoming a University Lecturer of anaesthetics, and then gaining his professorial appointment and finally becoming the Head of the Oxford Anaesthetics Department. His current research interests include cardiopulmonary gas exchange in the sick and healthy lung, and gas and anaesthetic agent sensors. He is a fellow of the Royal Society of Medicine. He was a fellow of the Academy of Medical Sciences in 2000 and was awarded the Gold Medal of the Royal College of Anaesthetists in 2001.

![](6562918-photo-4-source.gif)

[Andrew D. Farmery](#contrib4){ref-type="contrib"} received the B.Sc. degree in physiology and the M.B. and B.S. degree in medicine from the University of London, London, U.K, and the M.A. degree from the University of Oxford, Oxford, U K. He is an Academic Physician-Anaesthesiologist with the University of Oxford, and a Fellow and Tutor in physiology with Wadham College, Oxford. His current research interests include biophotonics solutions to the measurement of dynamic biological signals.
